Effects of cement properties on stress distributions at the dentin-cement-post interfaces have been studied using 3D explicit finite element simulations. The mastication and horizontal loadings are simulated with titanium and glass fiber posts. Different type of cements (moduli 2,8,18 and 22 GPa) is considered to study the interface stresses. The interface stresses are evaluated at dentin-cement-post interfaces and along the surface of the post and cement. The element deletion technique from finite element analysis has been used to predict the cement failure. The simulation results suggest that the cement with similar modulus as dentin is preferable to avoid the stress concentration at the dentin-cement interface. The types of cement do not affect the failure initiation location on the cement. Under the simulated conditions, the failure initiation is located at 1.7 to 2.2 mm from the post apex.
Introduction
Finite element simulation has been used [1] [2] [3] [4] [5] to analyze the stress distribution on restored teeth and dental posts of different materials. The post related factors (modulus of elasticity, diameter and length) influence the stress fields occurred within the post [1] but the maximum stress values in the restored tooth system are rather insensitive to post materials [2] . It is not clear whether or not the retention of the post is influenced by the type of cement used.
Modulus (stiffness) mismatch of the adjacent parts, particularly at the post-cement-dentin interface, results in the weakest interface in the restored tooth. Large von Mises stresses were observed at the post-cement interface in the restored tooth [2, 4, 5] . The stress concentration at this interface increases the probability of debonding failure. Therefore, recent studies [1, 2, 5] are focusing on the importance of the interface stresses. The maximum stresses are always observed on lower part of the post apex [5, 6] . However, as per authors' knowledge, till date there is no any literature that uses the element deletion technique to study the cement failure in dental applications. Hence, this paper shows the use of the element deletion technique to investigate the cement failure in endodontically treated teeth.
This research concerns the effects of cement modulus in stress distributions and the location of maximum stresses along the post cement interface. Most importantly, the paper examines the interfacial failure at the post-cement interface using element deletion [6] technique through three dimensional explicit finite element simulation. The work deals with the failure initiation location and subsequent development along the post-cement interface. The detailed description of the finite element modeling, selected material properties, loading description and dimension of the tooth are given in [7] . The stress distribution is evaluated along the middle cross-section of the post and on the surface along the post and cement at the post-cement interface, which is a probable debonding zone. The detailed description of the glass fiber (orthotropic) post made in our lab is given in [7] . Figure 1 shows the von Mises stress distribution along the mid cross-section of the restored tooth during oblique loading. The stress is gradually reducing from the outer edge of the dentin towards the cement. The modulus mismatch of the dentin and cement, and cement and post causes the stress concentration at the dentin-cement interface. The maximum von Mises stresses is generated on the post at the post-cement interface and located at the opposite side of the loading position.
Results
The cement moduli (18 and 22 GPa) similar to dentin (18.3 GPa) lead to an almost continious stress curves at the dentin-cement interfaces. On the other hand, the cement moduli (2 and 8 GPa) much lower than the dentin modulus exhibit the stress concentration even at the dentin-cement interfaces. Due to the higher modulus mismatch between the cements and the post (116 GPa) the largest stress concentrations can be observed at the post-cement interfaces. 
Discussion
For oblique loading, the maximum stresses are generated on the post at the post-cement interface and located at the opposite side of the loading. This stress patterns can be explained with the bending of the post inside the rigid structure. The bending of the post is restricted by the rigid structure of the dentin [2, 4, 5] . From Figure 1 , it can be noted that an equal amount of stresses are developed on the outer edge of the dentin (start and end of the graphs). This suggests that the cement material does not affect the overall stress distribution on the tooth except the stress distributions at the dentin-cement-post interfaces. The cement having modulus 2 GPa generates large stress concentration as compared to the cement of 18 GPa at the dentin-cement interface. The cement of modulus 18 GPa shows a continuous stress cruves, avoids the stress concentration, at the dentin-cement interface. At the cement-post interface, the modulus mismatch between the cement and the post yields the largest stress concentration. At this interface, the type (modulus) of cement is less relevant to avoid the stress concentration because it is almost impossible to use the cement having modulus similar to post in the clinical practice. For a time being, assume that the stress concentration is lowered at the cement-post interface using the cement having modulus similar to the post, but at the same time this will generate the larger stress concentration at the dentin-cement interface (due to the larger modulus mismatch of the adjacent parts). One ideal condition would be to use the cement whose modulus varies linearly from the dentin to the post to avoid the stress concentration at both interfaces of the cement, i.e, cement having modulus similar to dentin at the dentin-cement interface and modulus similar to post at the cement-post interface could avoid the stress concentration at the interfaces. But from a practical point of view, this may not be realistic in dental restorations. The cross sectional stress distribution should be considered in selecting the cement to avoid the stress concentration at the dentin-cement-post interfaces. The use of the cement having modulus similar to dentin would at least avoid the stress concentration on the dentin-cement interface. This is probably the reason to support the fact that the tooth restored with the zinc phosphate cement (22 GPa, modulus slightly higher than dentin) provides better retention than other cements [8] . In other words, cement modulus closer to dentin is preferable to have the continuous stress distribution and to avoid the stress concentrations at the dentin-cement interface.
The von Mises stress distributions along the surface of the post and cement (Figure 2) shows that the cement types do not alter the location of the maximum stresses at the post-cement interfaces. At the post-cement interfaces, the stress uniformly increases from apex to its largest value, located at 1.7 -1.8 mm from the post apex, and than it decreases. Due to different load bearing capacities of the post and cement, the maximum stresses along the surface of the post and cement at the cementpost interface are different. The difference in the stress values suggests an occurrence of the stress concentration at the post-cement interfaces. Under the simulated condition, the location of the maximum interface stress suggests that the failure of the cement at the interface initiates at 1.7-1.8
Advanced Materials Research Vol. 32 mm from the post apex. This is verified by the observations shown in Figure 2 (right hand side). The failure of the cement starts from the lower part of post apex. Then the failure progresses on other parts of the cement. The loading-unloading, mastication process propagates the failure and complete failure of the cement and loosening of the post take place.
Similarly, for the horizontal loading (on orthotropic post), the von Mises stress distributions along the surface of cement (Figure 3) shows that variation in the type of the cement does not alter the location of the maximum stresses at the post-cement interfaces. At the cement-post interfaces, the stress uniformly increases from the apex to its largest value, located at 1.8 -2.2 mm from the post apex and then it decreases. The interface of the glass fiber post and cement (22GPa) under horizontal loading yields the maximum stress of 3.3 MPa. This relatively low stress is due to the lower stiffness property of the orthotropic post (modulus in fiber direction = 44 GPa). The generated maximum stress is less than the failure limit of the cement, and as a result the cement was not failed (no element deletion).
With reference to figures 2-3, it can be suggested that the failure initiation location can be altered depending on the type of loadings (vertical, oblique and horizontal). But whatever the loading type is, the cement failure (post loosening) initiates from the location near the post apex (lower part of the post). In practice, different types of loading are active during occlusal. Hence, the probable failure zone should lie in-between 1.7 -2.2 mm from the post apex, as a result, the post loosening starts from this location.
Conclusions
Based on our simulations, following points are concluded -(1) the cement modulus similar to dentin is preferable to avoid the stress concentration at the dentin-cement interface, (2) different types of cement do not affect the failure initiation location. Under the simulated condition, the failure of the cement starts at 1.7 to 2.2 mm from the post apex, (3) types of cements affect the stress concentrations along the post-cement interfaces and (4) the element deletion technique can be used to study the failure of the endodontically restored tooth.
